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 Ship-plume ozone production efﬁciency (OPE) is ﬁrst evaluated in this study.
 Equivalent OPEs for the entire ITCT 2K2 ship-plume range from 9.74 to 12.85.
 Ship-plume OPEs are 0.29–0.38 times smaller than background OPE.
 Low ship-plume OPEs are due to high NOx conditions inside the ship plume.a r t i c l e i n f o
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Ozone production efﬁciency (OPE) of ship plume was ﬁrst evaluated in this study, based on ship-plume
photochemical/dynamic model simulations and the ship-plume composition data measured during the
ITCT 2K2 (Intercontinental Transport and Chemical Transformation 2002) aircraft campaign. The
averaged instantaneous OPEs (OPEi) estimated via the ship-plume photochemical/dynamic modeling
for the ITCT 2K2 ship-plume ranged between 4.61 and 18.92, showing that the values vary with the
extent of chemical evolution (or chemical stage) of the ship plume and the stability classes of the marine
boundary layer (MBL). Together with OPEi , the equivalent OPEs (OPEe) for the entire ITCT 2K2 ship-plume
were also estimated. The OPEe values varied between 9.73 (for the stable MBL) and 12.73 (for the mod-
erately stable MBL), which agreed well with the OPEe of 12.85 estimated based on the ITCT 2K2
ship-plume observations. It was also found that both the model-simulated and observation-based OPEe
inside the ship-plume were 0.29–0.38 times smaller than the OPEe calculated/measured outside the
ITCT 2K2 ship-plume. Such low OPEs insides the ship plume were due to the high levels of NO and
non-liner ship-plume photochemistry. Possible implications of this ship-plume OPE study in the global
chemistry-transport modeling are also discussed.
 2015 The Authors. Published by Elsevier Ltd. This is an open access article under the CC BY-NC-ND
license (http://creativecommons.org/licenses/by-nc-nd/4.0/).1. Introduction
Ship emissions have emerged as an important issue, since it was
revealed that the amounts of NOx and SO2 emitted from
ocean-going ships account for 21% and 7% of the total global
NOx and SO2 emissions from anthropogenic fuel combustions
(Corbett and Fischbeck, 1997; Corbett and Koehler, 2003; Eyring
et al., 2007). Accordingly, the impacts of NOx and SO2 emitted from
the ocean-going ships on the atmospheric chemistry within the
ship-going MBL and global radiative forcing have also been inves-
tigated (e.g. Capaldo et al., 1999; Lawrence and Crutzen, 1999;
Langley et al., 2010). Several studies focused on the perturbations
of the oxidation cycles by ship-emitted NOx within the MBL(Lawrence and Crutzen, 1999; Song et al., 2003a,b; Kim et al.,
2009; Song et al., 2010). In particular, Lawrence and Crutzen
(1999) estimated that the mixing ratios of NOx, ozone and OH rad-
icals within the MBL along the global ship corridors could be
enhanced by factors of 2.0, 2.0, and 5.0, respectively, compared
to those calculated from the ‘‘no ship NOx emission cases’’.
However, it was subsequently revealed that their study signiﬁ-
cantly overestimated the mixing ratios of NOx, ozone and OH rad-
icals within the MBL along the global ship corridors, because their
global chemistry-transport model (GCTM) did not correctly con-
sider the detailed turbulent dispersion and non-linear photochem-
istry of the ship plumes (Song et al., 2003a; von Glasow et al.,
2003). Since then, several modeling studies have been carried
out, discussing how to consider the ship-plume turbulent disper-
sion and photochemistry in the GCTMs (e.g., Kim et al., 2009;
Vinken et al., 2011).
18 H.S. Kim et al. / Chemosphere 143 (2016) 17–23In the above-mentioned context, this study particularly
explores the ozone production efﬁciency (OPE) of the ship-plume
with a case of the ITCT 2K2 (Intercontinental Transport and
Chemical Transformation 2002) ship-plume experiment. The ITCT
2K2 ship-plume case was chosen in this study, because a compre-
hensive observed composition data set for a ship plume is available
for this case (Chen et al., 2005; Kim et al., 2009). In order to esti-
mate the OPEs of the ITCT 2K2 ship-plume, the ship-plume photo-
chemical/dispersion model was also utilized in addition to the ITCT
2K2 ship-plume observation data. Basically, OPEs change in accor-
dance with levels of NOx, and ozone is an important precursor of
hydroxyl radicals (OH). The OH radical is certainly a powerful oxi-
dant for most atmospheric species. In this sense, the OPE can be a
central issue of the ship-plume photochemical reactions. After the
estimations of the ship-plume OPEs, possible implications of the
ship-plume OPE study in the GCTM simulations are also discussed.
2. Experiment procedures
In this study, two OPE values were calculated for the ITCT 2K2
ship-plume case: (1) OPEs estimated based on ITCT 2K2
ship-plume measurements (hereafter, ‘‘observation-based OPEs’’)
and (2) OPEs calculated via the ship-plume photochemical/dy-
namic model (hereafter, ‘‘model-simulated OPEs’’). The details of
the ITCT 2K2 ship-plume experiment and the development of the
ship-plume photochemical/dynamic model were explained and
discussed in the previous publications (Song et al., 2003a,b; Kim
et al., 2009; Song et al., 2010). The model-simulated and
observation-based OPEs for the ITCT 2K2 ship-plume case were
then compared with each other.
OPE is deﬁned as the number of molecules of ozone produced
by one molecule of NOx oxidized, and can be calculated by the fol-
lowing formula (Liu et al., 1987):
OPE ¼ FO3
LNOx
ð1Þ
where FO3 and LNOx denote the formation rate of ozone and destruc-
tion rate of NOx, respectively. FO3 and LNOx in Eq. (1) were deﬁned
previously by Song et al. (2003a), Kim et al. (2009), and Han et al.
(2015):
FO3 ¼ ðkHO2þNO½HO2 þ kRO2þNO½RO2Þ½NO ð2Þ
LNOx ¼ kOHþNO2 ½OH½NO2 þ kNO3þDMS½NO3½DMS þ kmt;NO3 ½NO3
þ 2kmt;N2O5 ½N2O5 þ kCH3CO3þNO2 ½CH3CO3½NO2
 ðkPAN þ JPANÞ½PAN ð3Þ
where ki denote the thermal reaction rate constants (cm3
molecules1 sec1) for reaction i, kmt,j is the heterogeneous mass
transfer coefﬁcients (sec1) for species j, kPAN and JPAN represent
the thermal and photolytic decomposition rate constants (sec1)
of PAN (Peroxy Acetyl Nitrate), respectively. Eqs. (1)–(3) were used
to calculate the model-simulated OPE values in this study.
Alternatively, the OPE values under highly-polluted urban con-
ditions (or power-plant plume situations) can be estimated by fol-
lowing formulas suggested by Sillman et al. (1990), Derwent and
Davies (1994) and Kleinman et al. (1997), when [NOx] > 0.5 ppbv:
OPE ¼ FO3
LNOx
¼ kOHþCO½CO þ 2kOHþCH4 ½CH4 þ
P
Yiki½NMVOCi
kOHþNO2 ½NO2
ð4Þ
where Yi is the ozone yield resulting from the production of peroxy
radicals. In this study, the values of Yi were estimated from the
modiﬁed Lurmann et al. (1986)’s chemical mechanism. The main
source of NMVOCs (Non-Methane Volatile Organic Compounds) in
the ship-plume OPE estimations of Eq. (4) is from the background
air via entrainment process due to turbulent dispersion of the shipplume. In our estimation, the entrainment of C2H6, C3H8, higher
alkanes (C > 3), C2H4, benzene and other aromatic compounds was
taken into account, and the background mixing ratios of those spe-
cies measured during the aircraft campaign are presented in
Table S1.
Eq. (4) can be simpliﬁed further, when the contributions of
NMVOCs to the ozone formation are signiﬁcantly smaller than
those of CO and CH4 (Carpenter et al., 2000; Zanis et al., 2000):
OPE ¼ kOHþCO½CO þ 2kOHþCH4 ½CH4 þ
P
Yiki½NMVOCi
kOHþNO2 ½NO2
ﬃ ½HO2 þ ½CH3O2½OH 
k0½NO
kOHþNO2 ½NO2
ð5Þ
where k0 is the average thermal reaction rate constants (cm3
molecules1 sec1) of kHO2þNO and kCH3O2þNO. Since Eqs. (4) and (5)
tend to overestimate the values of OPEs in a low NOx condition
(say, when [NOx] < 0.5 ppbv) due to active self-reactions between
HO2 and CH3O2, an empirical formula proposed by Zanis et al.
(2000) can be applied, i.e.:
½HO2 þ ½CH3O2
½OH ¼
kOHþCO½CO þ kOHþCH4 ½CH4
kHO2þNO½NO
ð6Þ
Using Eq. (6), when [NOx] < 0.5 ppbv (typically, at the edges of
the ship-plumes and/or when the ship plumes are fully devel-
oped/dispersed), the ship-plume OPE values were estimated by
the following equation:
OPE ¼ kOHþCO½CO þ kOHþCH4 ½CH4
kHO2þNO½NO
 k
0½NO
kOHþNO2 ½NO2
ð7Þ
In order to produce the observation-based OPEs, Eqs. (4) and (7)
were used in this study. However, it should be noted that the
observation-based OPEs are also based on some model-calculated
properties such as k0 and kOHþNO2 , which is the main reason why
we have called these OPE values ‘‘observation-based’’ OPEs, not
‘‘observed’’ OPEs.3. Results and discussions
As mentioned above, we calculated two different OPE values for
the ITCT 2K2 ship-plume case: (1) model-simulated OPEs and (2)
observation-based OPEs. During the ITCT 2K2 aircraft campaign,
the NOAA WP-3D airplane traversed the ship plume eight times
100 km off the Californian coast, measuring the mixing ratios of
gaseous and particulate species as well as meteorological variables
(the WP-3D ﬂight pathway and the eight transects are shown in
Fig. 1). Based on these measurements, we carried out ship-plume
photochemical/dynamic model simulations, the conditions of
which are presented in Table S1.
As shown in Eqs. (4) and (7), it is primarily important in the OPE
calculations how well the ship-plume photochemical/dynamic
model can regenerate observed NO and NO2 mixing ratios. In this
context, Figs. S1 and 2 show the comparison analyses between
model-calculated and observed NO and NO2 mixing ratios, respec-
tively. It can be seen from Figs. S1 and 2 that the ship-plume pho-
tochemical/dynamic model can reasonably well capture the
observed mixing ratios of NO and NO2 inside the ship plume.
Correlation coefﬁcient (R values) of the NO and NO2 comparisons
ranged from 0.83 to 0.85 and from 0.81 to 0.84 under the moder-
ately stable (E) and stable (F) conditions, respectively. Root mean
square errors (RMSEs) ranged from 0.14 ppbv to 0.18 ppbv and
from 0.18 ppbv to 0.22 ppbv, and mean biases (MBs) ranged from
0.05 ppbv to 0.03 ppvb and from 0.17 ppbv to 0.06 ppbv,
respectively. On the other hand, Fig. S2 presents the performance
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Fig. 1. Eight ship-plume transects (A–H) by NOAA WP-3D ﬂight during the ITCT 2K2 ship-plume experiment campaign (Chen et al., 2005; Kim et al., 2009).
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ozone mixing ratios.
Fig. 3 shows the model-simulated OPEs calculated using Eqs.
(1)–(3). In the model simulations, two stability classes of the
MBL (moderately stable BL (E) and stable BL(F)) were used, based
on the analysis of meteorological data (refer to Kim et al. (2009)).
Also, since all the OPE values were calculated at a given point of
time and location of interest, we called these OPE values as
‘‘instantaneous OPE’’ (OPEi). The open circles in Fig. 3 represent
the observation-based instantaneous OPEs calculated using
Eqs. (4) and (7) at the eight transects (A to H). As shown in
Fig. 3, the model-simulated instantaneous OPE values were in good
agreement with the observation-based instantaneous OPEs.
Although the comparison results show reasonable agreement,
there was a relatively large discrepancy between
observation-based and modeled OPEi in the early plume develop-
ing stages (i.e., Transect A and B). The reason of this discrepancy
is from the uncertainty of ship-plume NOx levels. As shown in
Eqs. (1)–(7), the value of OPEs is highly sensitive to the mixing
ratios of NOx. It was found that there are discrepancies between
observed and modeled levels of NOx (see Figs. S1 and 2). There
are three possible causes (e.g., impact of other sources, uncertain-
ties of meteorological conditions, and inﬂuence of air motion by
aircraft movement). However, the differences between two OPEisdecreased as ship-plume aged. Further statistical analysis of corre-
lation, error and bias were also carried out in Fig. 4 and Table 1,
under the two MBL stability conditions. The two instantaneous
OPEs are well correlated, with the R values ranging between 0.61
and 0.76. RMSEs and MBs ranged from 4.67 to 4.81 and from
1.17 to 2.10, respectively.
The observation-based OPEis were further averaged over the 8
transects in this study, and the averaged observation-based OPEis
(OPEi) were compared with model-simulated averaged OPEis with
the ship-plume travel distance (or ship-plume aging time) in Fig. 5.
Again, the two OPEs agreed relatively well with each other. As
shown in Fig. 5, OPEi increases with the ship-plume travel distance.
Near the ship stack, OPEi is small, and this is mainly because the
ozone production rate (FO3 ) becomes slow due to the depletions
of radical species such as OH, HO2 and RO2. This radical depletion
is directly caused by ozone titration (i.e., O3 + NO? NO2 + O2) near
the ship stack. Since ozone is the precursor of OH radicals, ozone
titration results in OH titration and subsequent depletion of other
radicals like HO2 and RO2. In Eqs. (1)–(3), LNOx is also retarded,
mainly due to the depletion of OH radicals. However, the impact
of FO3 (numerator) on OPE is larger than that of LNOx (denominator),
and after this ozone-depleting photochemical stage, ozone is
recovered and there is a net ozone production. Accordingly, the
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causing OPEi to increase. The titration, recovery and net production
of ozone at the eight transects of the ITCT 2K2 ship-plume are also
shown in Fig. S2, with the comparisons between the
model-simulated and observed ship-plume ozone mixing ratios.
The key point that should be emphasized herein is that the OPEs
inside the ship-plume are smaller than the OPE (OPEb) in the
background (i.e., outside the ship-plume), as shown in Fig. 3. The
observation-based OPEis outside the ship-plume ranged from
26.21 to 74.48 in Fig. 3 (see the edges of the pseudo-Gaussian
distributions of OPEs at the eight ship-plume transects), whereas
the OPEis inside the ship-plume ranged from 3.31 to 26.21. The
model-simulated and observation-based OPEis were the lowest
and the highest at the centerline and edge of ship-plume, respec-
tively. As reported by Rickard et al. (2002), the values of OPE tends
to decrease with the increase of mixing ratios of NOx.
In order to estimate the OPE for the entire ship-plume, the con-
cept of the ‘‘equivalent OPE’’ (OPEe) was introduced and estimated,
using the following formula (Chen et al., 2005; Kim et al., 2009;
Kim et al., 2013):
OPEe ¼ DtR tþDt
t
1
OPEi
dt
ð8Þwhere Dt denotes the time-interval of interest. The results are sum-
marized in Table 2. The OPEe values varied between 9.73 (for the
stable MBL) and 12.73 (for the moderately stable MBL), which
agreed well with the OPEe of 12.85, estimated based on the ITCT
2K2 ship-plume observations. The OPEe of 33.50 in the background
was also estimated, based on the ITCT 2K2 ship-plume observations.
When these OPEe values were all compared, it could be found that
both the model-simulated and observation-based OPEe inside the
ship-plume were 0.29–0.38 times smaller than the OPEe estimated
outside the ITCT 2K2 ship-plume.
Song et al. (2003a) and von Glasow et al. (2003) demonstrated
that NOx e-folding lifetimes (sNOx ) inside the ship plumes become
approximately 1/4 times smaller than those outside the ship
plumes. Based on this, they also concluded that not accounting
for turbulent dispersion and non-linear photochemistry of the ship
plumes in the GCTM simulations could produce the over-predicted
mixing ratios of NOx within the MBL along the global ship corri-
dors. Similar discussion can be applied to ozone. As discussed
above, OPEe inside the ITCT 2K2 ship-plume is approximately 1/3
times smaller than that outside of the ITCT 2K2 ship-plume. This
indicates that the ozone production capabilities of one molecule
of NOx in the high NOx situations (such as within ship-plumes)
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Table 1
Statistical (correlation, error and bias) analysis with observation-based and model-
predicted OPEi at eight ITCT 2K2 ship-plume transects.a
Stability class R RMSEb MNGEc MBb,d MNBc,d
Moderately stable (E) 0.76 4.81 23.63 2.10 14.25
Stable (F) 0.61 4.67 24.38 1.17 6.10
a RMSE: Root Mean Square Error; MNGE: Mean Normalized Gross Error; MB:
Mean Bias; MNB: Mean Normalized Bias.
b Dimensionless.
c Units are in %.
d Positive biases indicate model-overestimations.
H.S. Kim et al. / Chemosphere 143 (2016) 17–23 21can be far smaller than those in low NOx situations (i.e. background
conditions). Therefore, if the GCTMs do not consider both the tur-
bulent dispersion and non-linear photochemistry of the shipplumes (in other words, if the GCTMs let ship-emitted NOx be
instantaneously diluted in the grid boxes of the GCTM simula-
tions), the GCTM can seriously over-predict the mixing ratios of
ozone within the MBL along global ship corridors. The impacts of
reductions of OPEs inside ship plumes can be ampliﬁed further
by the reductions of sNOx inside ship plumes in GCTM simulations.
In ‘‘actual’’ ship-plume situations, less NOx would be available for
ozone production, compared to the amount of NOx in ‘‘virtual’’ sit-
uations of simple grid-based GCTM simulations, due to the reduc-
tions of sNOx in the actual situations. However, grid-based GCTM
simulations with the global ship emissions have also been widely
carried out, partly due to the fact that a sufﬁciently simple
ship-plume dispersion scheme that can be used in the GCTM sim-
ulations has not been developed yet (Lawrence and Crutzen, 1999;
Eyring et al., 2007; Hoor et al., 2009).
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dotted line represent the model-predicted OPEs under moderately stable (E) and
stable (F) MBL conditions, respectively. (For interpretation of the references to color
in this ﬁgure legend, the reader is referred to the web version of this article.)
Table 2
Comparison among averaged instantaneous ship-plume OPE (OPEi), equivalent ship-
plume OPE (OPEe) and background OPE (OPEb).
Model-predicted OPEs Observation-based
OPEs
Background
OPE
Stability
class E
Stability
class F
OPEi 6.81–18.92 4.61–16.40 6.16–21.86 33.50
OPEe 12.73 9.73 12.85
22 H.S. Kim et al. / Chemosphere 143 (2016) 17–234. Summary and recommendation
In this study, ozone production efﬁciency (OPE) of a ship plume
(ITCT 2K2 ship-plume) was evaluated, using ship-plume photo-
chemical/dispersion model simulations and the ship-plume com-
position data observed during the ITCT 2K2 campaign. The
averaged instantaneous OPEs (OPEi) for the ITCT 2K2 ship-plume
estimated via ship-plume photochemical/dispersion modeling
ranged from 4.61 to 18.92. The equivalent OPEs (OPEe) estimated
for the entire ITCT 2K2 ship-plume varied between 9.73 (for
the stable MBL) and 12.73 (for the moderately stable MBL). The
model-simulated and observation-based OPEe inside the
ship-plume were 0.29 and 0.38 times smaller than the OPEe
estimated outside the ITCT 2K2 ship-plume, respectively. Such
low ship-plume OPEs can be due to two factors: (1) high levels
of NO and (2) non-linear ship-plume photochemistry.
The reduction of OPEs inside the ship plumes strongly indicates
that the ozone production capabilities of one molecule of NOx in
the high NOx situations such as the ship plumes are signiﬁcantly
smaller than those in the low NOx situations such as the back-
ground conditions. Therefore, if the GCTMs do not consider both
the turbulent dispersion and non-linear photochemistry of the ship
plumes (i.e., if the GCTMs let ship-emitted NOx be instantaneously
diluted in the grid boxes of the GCTM simulations), the GCTM can
over-predict the mixing ratios of ozone within the MBL along the
global ship corridors. Therefore, in order to correctly simulate the
mixing ratios of atmospheric species within the ship-going MBL,
a scheme to consider the ship-plume dispersion and photochem-
istry should be developed and used in the GCTM simulations in
future.
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